Nuclear factor I (NFI) is a site-specific DNA binding protein required for the replication of adenovirus type 2 DNA in vitro and in vivo. To study sequence requirements for the interaction of NFI with DNA, we have measured the binding of the protein to a variety of synthetic sites. Binding sites for NFI (FIB sites) were previously shown to contain a consensus sequence composed of 2 motifs, TGG (Motif 1), and GCCAA (Motif 2), separated by a 6 or 7bp spacer region. To assess conserved sequences in the spacer region and flanking sequences which affect NFI binding, we have isolated clones from oligonucleotide libraries that contain the two motifs flanked by 3 degenerate nucleotides and separated by degenerate spacer regions of 6 or 7 nucleotides. With a 6bp spacer region, a strong bias exists for a C or A residue in the first position of the spacer. Sites with a 7bp spacer region contain a G and C or A residue at the first and second positions, respectively, of the spacer, but also possess conserved residues at other positions of the site.
IHTRODUCTION
Proteins that bind to specific sites on DNA play an essential role in cellular DNA and RNA metabolism. These proteins have been shown to function in the control of RNA transcription (1) (2) (3) (4) (5) , DNA replication (6-9) and recombination (10) (11) (12) (13) in both prokaryotes and eukaryotes. We are studying the interaction of one such protein, nuclear factor I (NFI), with its binding sites in cellular and viral DNA (14) (15) (16) ). An analysis of NFI interaction with a variety of binding sites should aid in our understanding of its physiological role in animal cells.
NFI was first isolated and characterized as a protein from the nuclei of HeLa cells that is required for the efficient replication of adenovirus DNA in vitro (17) . Subsequent studies demonstrated that NFI binds to a specific site in the adenovirus origin of replication (18) and that the presence of this binding site (FIB site) is required for optimal virus replication in vitro (19) (20) (21) and in vivo (22) (23) . Extensive mutagenesis of the adenovirus FIB site indicates that this interaction of NFI is necessary but not sufficient for the replication of viral DNA (24) (25) (26) .
Binding sites for NFI also exist xn the genomes of many eukaryotic cells (14, 15, (27) (28) (29) (30) and viruses (30-33), and we estimate that -60,000 sites are present in the human genome (14) . The functional similarity of the cellular and viral sites has been demonstrated by replacement of the adenovirus FIB site by the FIB-2 site isolated from the human genome (34). The exchange of the human site for the viral site generates a chimeric origin of replication that requires NFI for optimal initiation of DNA synthesis.
NFI also appears to function in RNA synthesis in animal cells. The presence of a viral FIB site near the promoter region of the Hepatitus B virus S antigen gene stimulates transcription in vivo by ~10-fold (33). In addition, NFI has been shown to be very similar or identical to the "CAAT" box transcription factor (CTF) which stimulates transcription from a number of eukaryotic promoters (30, (35) (36) . Thus, NFI and FIB sites appear to function in both replication and transcription, and may be analogous to systems identified in prokaryotes (37-40) and eukaryotic viruses (41-42) which activate replication via the stimulation of transcription.
Binding sites for NFI contain the consensus sequence TGG(N)6_7GCCAA where N is at least partially degenerate (15) (16) (27) (28) (29) (30) 33) . Although this sequence is present in FIB sites, it is also present in DNA fragments that do not bind to NFI (15, 32) . We have recently shown that -50% of DNA fragments of the general sequence TGG(N)gGCCAA bind to NFI while only -4% of fragments containing TGG(N)7GCCAA interact with the protein (16) . In this report, we have analysed in detail the sequence requirements of the spacer regions of these two types of binding sites.
MATERIALS AND METHODS Synthetic Oligonucleotides
Oligonucleotides were produced with an Applied Biosystems Model 280A DNA synthesizer. Each oligonucleotide was purified by electrophoresis through a 20% acrylamide-8M urea gel (43) and excision of the appropriate band. The oligonucleotides used are shown in Figure 1 . Duplex oligonucleotides were generated by hybridizing the 12bp primer and appropriate template DNA (FIB-N6 or FIB-N7) and elongating the primer by incubating with the large fragment of DNA polymerase I in the presence of all 4 deoxynucle"oside triphosphates.
This procedure is described in detail in reference 16 . 
Preparation of Nuclear Factor I
Nuclear factor I (NFI) was purified from extracts of HeLa cell nuclei as previously described (17) . Material purified through the denatured DNAcellulose step was used throughout the study. One unit of NFI has been defined as the amount of protein required to bind one fmol of labelled DNA in a nitrocellulose filter binding assay (16) .
Nitrocellulose-Filter Binding Assay
To assess the binding of labelled DNA fragments to NFI -0. washed twice with 1 ml of buffer B lacking BSA and the DNA retained on the filters was eluted and analysed by electrophoresis on 0.8% agarose gels as previously described (14-16).
Enrichment of FIB-N7 Library
A plate lysate was made from the FIB-N7 library and was used to infect a liquid culture of JM109 by standard techniques (46). Double-stranded DNA was isolated by alkaline-lysis and centrifugation to equilibrium on cesium chloride-ethidium bromide gradients (47). Superhelical FIB-N7 DNA (0.8 ug)
was incubated in 50 yl reactions in the presence or absence of 30 units of NFI and processed as described under "Nitrocellulose-Filter Binding Assay".
After elution from the filters the DNA was used to transform JM109 and individual plaques were picked and expanded. The presence of 30 units of NFI in the binding assay produced an -10-fold increase in the number of plaques generated from the filter eluates.
Statistical Methods
Frequency tables for the DNA sequences were generated using the CUTOUT and GETFREQ programs of Staden (48). x 2 analysis was performed on a DEC VAX 11/780 computer using the CHISQUARE routine of the MINITAB program package (Minitab, Inc.).
RESULTS

Analysis of N6 Clones
Binding sites on DNA for nuclear factor I (NFI) contain the consensus sequence TGG(N)g_7GCCAA (15, (27) (28) (29) (30) (31) (32) (33) . To determine what other sequence or structural features in addition to this consensus region are important for binding, we synthesized a library of molecules that contains the consensus sequence but is degenerate in the 6-7bp spacer region and for 3bp 5 1 and 3'
to the consensus motifs ( Fig. 1) . We had previously shown that 40-60% of these DNA fragments containing a 6bp spacer region bound to NFI in vitro (16) . To determine the sequence specificity for NFI binding to these sites, individual members of this library were cloned into M13mpl9, and tested for binding to NFI. A subset of representative clones is shown in Fig. 2 .
Analysis of 41 clones indicated that they could be divided conveniently into three classes: 1) Those that bound tightly to NFI ( Two degenerate oligonucleotide libraries were synthesized using the FIB-N6 26bp DNA fragment, the FIB-N7 27bp DNA fragment and the 12bp primer shown in the figure. FIB-N6 consists of the following components listed in the 5' to 3' direction: an 8bp BamHI site (GCGGATCC), a 3bp degenerate sequence, a 3bp TGG motif, a 6bp degenerate spacer region, a 5bp GCCAA motif, a 3bp degenerate sequence, and a 12bp Sail site (GGTCGACGGCGA). FIB-N7 is identical except for an additional degenerate residue in the central spacer region. The 12bp primer is complementary to the 12bp Sail site on FIB-N6 and FIB-N7. The primer was hybridized to each oligonucleotide and elongated with the large subunit of E_^ coll DNA polymerase I as described (16) . The degenerate libraries were constructed in M13mpl9 as described in Materials and Methods.
binding ability of several of the clones was measured more precisely by a competition binding assay (15, 16) 
Analysis of H7 Clones
Some binding sites for NFI appear to contain a 7bp spacer region between the TGG and GCCAA motifs (see FIB-1 in Ref. 15 Superhelical DNA of clones from the FIB-N6 library was digested with Clal, labeled with a-* 2 P-dCTP and analysed for binding to NFI as described in Materials and Methods. The DNA was eluted from nitrocellulose filters and analysed by electrophoresis on a 0.8% agarose gel. Each clone is represented by 3 lanes C, -, and +; with the clone name shown above. Lanes marked C contain the total input DNA in the binding assay. Lanes marked -indicate DMA retained on nitrocellulose filters in the absence of NFI and lanes marked + indicate DNA retained in the presence of 6 units of NFI. Digestion with Clal and end-labeling of the DNA produces 2 fragments; a 4.3kb fragment containing the cloned FIB site, and a 2.9kb fragment containing only M13 vector sequences. Note that in different clones, differing amounts of the 4.3kb fragment are retained on the filters in the presence of NFI. Data from these and similar analyses were used to assess the relative affinity of NFI for the cloned FIB sites. The clones analysed in Fig. 2 and other experiments were sequenced and grouped according to their binding to NFI. Strong binders were classified as those in which 20-60% of the input DNA was retained on nitrocellulose filters in the presence of NFI." Weak binders had < 20% of the DNA retained while non-binders had < 1% of DNA retained. Multiple exposures of autoradiograms were used to ensure that weak binding clones could be detected. The figure shows (left to right) the name of the clone, its sequence (between the BamHI and Sail sites) and the consensus sequences derived for each group. The nucleotides shown in large letters are those invariant bases in the library while the degenerate bases are shown in small letters. In the consensus sequences, N indicates that the 4 bases are used apparently at random. motifs were separated by a 7bp degenerate spacer bound to NFI (16) . Also, increasing the size of the spacer region of the human FIB site, FIB-2, by a single residue (from 6bp to 7bp) abolishes the tight binding of NFI to this DNA (16 Superhelical DNA of clones from the FIB-N7 library was digested, labeled and analysed for binding to NFI as described in Materials and Methods. The figure is labeled and presented as described in the legend to Fig. 2 . C, input DNA; -, DNA retained in the absence of NFI; +, DNA retained in the presence of 6 units of NFI. The data from this and additional experiments are summarized in Fig. 5 .
STRONG BINDERS
It was therefore of interest to analyse several FIB sites that contain the TGG and GCCAA motifs separated by a 7 bp spacer region. This was achieved by cloning members of the aforementioned oligonucleotide library that contain the two motifs but are degenerate for 3bp 5' and 3' to the motifs and in the 7bp spacer region. To enrich for clones that bind NFI, double-stranded superhelical DNA from the cloned library was incubated with NFI, filtered through a nitrocellulose filter and the DNA-protein complexes retained on the filter were eluted and used to transform E. coli. Individual plaques from this transformation were then picked and double-stranded DNA from these clones was analysed for the binding to NFI (Fig. 4) The clones analysed in Fig. 4 and other experiments were sequenced and grouped according to their binding to NFI. Binders had 1-20% of their DNA retained on nitrocellulose filters in the presence of NFI. These clones would be roughly equivalent to the weak binders shown in Figs. 2 and 3 . Non-binders had < 1% of their DNA retained on filters in the presence of NFI. Nucleotides shown in large letters are those invariant in the library while small letters denote degenerate residues. the ~4% of molecules in the uncloned oligonucleotide library that bind to NFI (16) . Thus, it appears that the in vitro selection scheme produced about a 10-fold enrichment in clones that contain FIB sites. This level of enrichment is slightly less than the 20-fold increase obtained previously in the selection of binding sites from the human genome using a similar protocol (14) .
The clones analysed appear to bind relatively weakly to NFI, as indicated by the low intensity of the DNA bands retained on nitrocellulose filters (Fig. 4) . Sequence analysis of the clones demonstrated that all of the NFI-binding clones contained G and C or A residues in the first and second positions, respectively, of the 7bp spacer region (Fig. 5) . Thus the consensus sequence TGGG C /AN5<3CCAA was produced (bold residues were apparently selected for in the degenerate spacer). Clone FIB-N7.3 was obtained four separate times from well separated plaques in the library, suggesting that it may represent a tighter binding clone than the other isolates. Since the 4
isolates of FIB-N7.3 were identical, they are treated as a single clone in all subsequent analyses. In addition, clone FIB-N7.8 was obtained independently from two separate plaques, which indicates that we have probably isolated the majority of the binding sites present in this library.
DISCUSSION
The detailed interaction of NFI with the conserved residues of the TGG(N)g-7GCCAA consensus sequence have been well documented (15, 49) . The present study has generated information about potentially important interactions of NFI with residues outside of these conserved domains.
Analysis of the N6 Clones
Our previous studies using the uncloned degenerate FIB-N6 library indicated that ~50% of these molecules could interact with NFI (16) . In our clonal analysis of this library, 22 of 43 members of the N6 library bound to NFI (51%) with 9 clones binding quite strongly and 13 binding with reduced affinity (Fig. 3) . A residue at position -3 was the most significant deviation in the distribution of residues between the 3 classes. It should be noted that although such x 2 analysis indicate significant deviations from randomness, the sample size of each population is quite small. We therefore place greater confidence in the most significant indication of the selection for C or A residues at position -3. Interestingly, three of the Weak Binders had G or T residues at this position of the site (Fig. 3 , clones FIB-N6.1, -N6.11
and -N6.19). Analysis of other clones isolated from synthetic or cellular DNA should allow us to better assess if these residues are important for NFI -FIB site interaction.
Analysis of the H7 Clones
We had previously determined that only ~4% of DNA molecules containing the TGG and GCCAA motifs separated by a 7bp spacer region were bound by NFI (16) . Therefore, we used in vitro selection with NFI to enrich for these clones in our library. The small number of clones obtained (five) preclude a rigorous statistical analysis, however a striking similarity of the clones was noted. All of the clones that bind to NFI contain a G and C or A residues at the first and second positions, respectively, of the 7bp spacer region (Fig. 5) . These same conserved residues are found in the 2 naturally Clones from the FIB-N7 library that bind to NFI are aligned with two naturally occurring FIB sites that contain 7bp spacer regions. The large underlined letters are invariant bases in the oligonucleotide library while the large non-underlined letters indicate residues that are apparently selected for at the positions indicated. The overall consensus sequence for NFI binding sites containing a 7bp spacer region is shown at the bottom. FIB-1 is a site isolated from the human genome (15) and BS2 is a site located 5' to the chicken lysozyme gene (27).
occurring FIB sites that contain 7bp spacer regions (Fig. 7) . In addition, a comparison of the synthetic and natural sites also suggests a selection for a C or G residue in the fourth position of the spacer and a T or G residue at the seventh position of the spacer (Fig. 7) . Thus our previous prediction that only a highly restricted subclass of sites containing 7bp spacer regions can interact with NFI (16) is supported. Further analyses of these sites is needed to determine the requirement for these apparently conserved residues for the binding of NFI.
Overall Model of NFI Binding to DHA
The simplest model to explain the binding of NFI to FIB sites with 7bp spacer regions is that the observed selection for G and C or A residues at the first and second positions, respectively, in the spacer generates a binding site with GGG as the 1st motif of the site (i.e. GGG Site-directed mutagenesis of one or more of these clones may allow us to distinguish between these two models.
The importance of both of the two conserved motifs is directly addressed in these studies. It has recently been suggested that NFI is similar to or identical to a protein that binds to the "CAAT" box motif present in several eukaryotic promoters (26,30). Our findings would suggest that the previously determined "CAAT" motif (AGCCAAT, Ref. 30) is not sufficient for strong binding of NFI to these sites. Since the sequence GCCAA was surrounded by degenerate residues in our oligonucleotide library, and.we selected only for sites that interacted with NFI, then if the AGCCAAT motif could bind strongly to NFI it should have been selected for. However, our results indicate that the selection for G and C or A residues at the first and second positions, respectively, of the spacer was much more frequent than the selection of A and T residues 5' and 3', respectively, to the GCCAA motif. Although these data may reflect some inherent bias of residues inserted during synthesis, we feel that it more likely represents a true requirement for both motifs (TGG C / A and GCCAA) for the strong binding of NFI to DNA.
These results indicate several features of a FIB site that may be important in addition to the TGG C /A and GCCAA motifs, for the binding of NFI.
Clearly, the spacing between the motifs is critically important as previously indicated (16) . Interestingly, when the spacing between the motifs is increased by lbp, several other conserved residues appear to be selected for (Fig. 7) . Further studies are needed to determine if these additional, apparently conserved, residues reflect true interactions of NFI with all of its binding sites, or rather aberrant interactions that only play a role in the protein binding to "stretched" sites that possess a longer than optimal spacer region. 
